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@ Control-oriented modeling of high-temperature Solid Oxide Fuel Cell
Systems (SOFC systems)

@ Focus on the non-stationary thermal behavior of SOFC stack modules
o Verified (global) parameter identification

@ Structural analysis of the control-oriented model: Transformation into
nonlinear controller canonical form

@ Interval-based sliding mode control for a dynamic system model with
bounded uncertainty and disturbances

@ Handling of state and actuator constraints
@ Numerical validation

@ Conclusions and outlook on future work
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Configuration of the SOFC test
rig at the Chair of Mechatronics
@ Supply of fuel gas (hydrogen
and/or mixture of methane,

carbon monoxide, water vapor)
@ Supply of air
@ Independent preheaters for fuel
gas and air

@ Stack module containing fuel
cells in electric series
connection

@ Electric load as disturbance

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems (2)

Spatial semi-discretization of the fuel cell stack module
k=1,.,N | Ly
. 7=(1,L,N
%j:17"'7M ‘ 74(7'/')'
<
i=1,..L )/
I
fl R
mass flow
T=(11, T=(1,M,1
—_— (1,11) (1,M,1) AT
of supplied
media 17, ;, ~
temperature 9, ;, | |Z=(Z,11) Z=(L,M.1) system
xE€[AG, CG} boundary
AG: anode gas local temperature distribution 9
CG: cathode gas
volume elements Ze€{(1,1,1),...,(L,M ,N)}
ambient temperature 9,
.
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Control-Oriented Modeling of SOFC Systems (3)

Mathematical representation of the piecewise homogeneous
temperature distribution = spatial semi-discretization

1

dz(t) = — (&) +) QF ;- () + QR() +
7T Ge{AG, CG}
@ HT: Heat transfer (heat P
conduction and 7 IT T Qi of
convection) 5 l VALLLT
@ G: Enthalpy flows of : e o
. T : HT, 7
supplied gases QHT?* ‘ | e
© R: Exothermic reaction Z“GQG I3 :> /'Q;QéL stack element
enthalpy R4 I T 7=(i,j,k)
e QHT,I[_ QHT,I}'
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Control-Oriented Modeling of SOFC Systems (3)

Mathematical representation of the piecewise homogeneous
temperature distribution = spatial semi-discretization

dr(t) = — (6)+Y QF - () + QR() +

CTm
7T Ge{AG, CG}

@ HT: Heat transfer (heat

conduction and 7 IT T Farr of
convection) i @ e

@ G: Enthalpy flows of : of .
supplied gases QiT?:> 1 i

. N N . . . I . I‘

e R EXOthermlC reaction ZGQG 17 * /{}QRVQEL stack element
enthalpy o [z T=(i,j,k)

(% ] HT, Z;; QHT,Ijﬁ
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Control-Oriented Modeling of SOFC Systems (3)

Mathematical representation of the piecewise homogeneous
temperature distribution = spatial semi-discretization

dr(t) = — (6)+Y QF - () + QR() +

CTm
7T Ge{AG, CG}

@ HT: Heat transfer (heat

conduction and 7 IT T Farr of
convection) i @ e
@ G: Enthalpy flows of : of .
supplied gases QiT?:> 1 i
. Exothermi ' g )z
© R: Exothermic reaction ZGQG = > /vaEL tack eloment
enthalpy o [z T=(i,j,k)
o HT, I QHT,I}’
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Control-Oriented Modeling of SOFC Systems (3)

Mathematical representation of the piecewise homogeneous
temperature distribution = spatial semi-discretization

dr(t) = — (6)+Y QF - () + QR() +

CTm
7T Ge{AG, CG}

@ HT: Heat transfer (heat

; i__=i_=Ii_| QI
conduction and Z; I, I “ur1- QI .
convection) @ e

i / .

@ G: Enthalpy flows of : of .
supplied gases QiT?D : L
© R: Exothermic reaction ZGQG = /GQR . stack olement
enthalpy T=(i,j,k)

o QHT I QHT,I}’
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Control-Oriented Modeling of SOFC Systems (4)

Heat transfer due to heat conduction and convection

Q%T() HTI ()+QHTI+()+QHTI (t)

+QHTI+( )+QHTI ()+QHTI+()

Unified modeling of heat conduction and convection
@ Heat flows over each finite volume element boundary

@ Set of indices (neighboring finite volume elements):
I; = (i—1,j,k), I = (i +1,4.k), I; := (i,5 — 1,k),

I]—i_ = (Za]+17k)'l-k (Z jak )'I+ = (Za]ak+1)

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems (5)

Definition of the experimentally identified parameters A©), a();
Boundary elements represent radiation in linearized form
( heat conduction
NN
)\(Z).J\;M for 7=1I;, i>2or J=1I, i<L-1
L
A(J‘).ﬂ for 7=Z;, j>2o0r J=IF, j<M-1
lus j j
L = AU“)-lLlﬂ for =1, k>2 or J=1I;/, k<N-1
N
convection
o Il for 7=1I;, i=1or J=1}, i=1L
a1l for 7=Z;, j=1o J=I!, j=M
La®) 1l for 7=1I;, k=1or J=TIf, k=N
I
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Control-Oriented Modeling of SOFC Systems (6)
Local mass flow balances in the semi-discretized fuel cell stack module

I=(1,1k) T=(1,M,k)

k=1..N
j=L.M , AI=LLY 7 ) ZELM N 7 (\
[ . il 7
mN2JL vV
i=1..L
. A Increase of mass flow of water
MAG,in ’-"’CG{ $ vapor (corresponds to decrease of
LN \  hydrogen mass flow) according to
== | ( Avg, A,
mCG,in ) | 1) 7mH2 =- H,0
LN T ] ‘ p M H, M H,0
"acn\ IO 7 g Dz
“ov) [, HEEEEEEA | T e |0G 1,0, Ny
Mmeaing | .
\

I=(L,1,1) I=(L,M,1)
B Mo I:lmHZO [T mH? mNZ

Anode gas composition: maG,in(t) = 1, in(t) + 1N, in(t) + MH0in (t)
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Control-Oriented Modeling of SOFC Systems (7)

Modeling of local gas mass flows at the element outlets

@ Local mass flows for each gas fraction x € {Hy, No, H,O, CG}

m><,in(t)
i () = ¢ L4

X
g (8) + Am(t) for 2<j< M

+ Ami(t) for j=1

@ Electrochemical reaction with the Faraday constant F' and the
number of electrons z = 4

2H, + 202~ — 2H50 + 4e™
Oy + 46~ — 20%~
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Control-Oriented Modeling of SOFC Systems (7)

Modeling of local gas mass flows at the element outlets
@ Local mass flows for each gas fraction x € {Ha, N2, H,O, CG}

i in(? 9 g
V() —mg’. ]57) + Ami(t) for j=1
m =
X

mif_ (t) + Ami(t) for 2<j< M

@ Variation of the anode gas mass flow

: Iz(t) - My : I7(t) - Mu,o :
an (1) = — 2D e g oy = ¢ O M0 gy = 0

@ Variation of the cathode gas mass flow

. T _
Aringg(t) = 7
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Control-Oriented Modeling of SOFC Systems (8)

Heat flows due to the exothermic electrochemical reaction
@ Reaction enthalpy (local molar flow of hydrogen Ami (t)/Mmn,)

Hy(9z(t)) - Ay, (1) _ Hr(9z(1)) - Iz(t)
My, z-F

QGh(t) = -

@ Approximation of the temperature-dependent molar reaction enthalpy
by a second-order polynomial

2
Hg (v7(t)) = Z'YHR,V -0%(t) ,  YHg,w : experimentally identified
v=0

o Heat flow due to Ohmic losses QZ; (t) = Rpr.7 - I2(t)

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems (9)

Enthalpy flows of the supplied gases
@ General expression for enthalpy flows

ZQGI_ ZQ AGI ()+QCGI ()

Ge{AG CG}
@ Separate notation of anode and cathode gas

iG,I]? (t) = Cacz(V1,1) - Aﬁigf(t) and

‘%—JG,I]»_ (t) = CCG,I(§I7 t) - A’&?JGI (t)

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems (9)
Enthalpy flows of the supplied gases

@ Separate notation of anode and cathode gas

2 - () = Cacz(Vz,t) - AL G (t) and

AG T AG
%G’I{ (t) = Coazliz, 1) A’%G,Ij‘ (t)

@ Temperature differences

A (1) = Yacin(t) — P am)(t) for j=1
AG,T; - ﬁZT (t) _ ﬁz(t) for j € {2, ...
J
and
air o (75080~ Vaft) o 3=
CG.I; - 1927 (t) _ 19[(75) for j € {2, -
J

[©]
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Control-Oriented Modeling of SOFC Systems (10)
Enthalpy flows of the supplied gases (cont'd)

@ Heat capacity of the anode gas mixture

Cac,z(V7,t) = cn, (Vz(t)) - mi{i (t) + eny (92(2)) - milfljz (t)

+ ery0 (92 () - gt o (t)

T I I
with 7, (t), my, (t), and riyg, o (t) as the inflows of hydrogen,
nitrogen, and water vapor in the volume element Z

@ Heat capacity of cathode gas

Cccz(V1,t) = cca(Vz(t)) 'méje(t)

. . . I; .
with the cathode gas inflow 75 (%) into the volume element 7

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems (11)

Enthalpy flows of the supplied gases (cont'd)

@ Heat capacities

Cacz(V1,t) = cn, (9z(t)) - mg@ (t) + e, (92(2)) - mijz (t)
+ cr,0(92(t)) - 1 o (f)  and

Cccz(Vz,t) = coa(Vz(t)) - m(I;j;;(t)

@ Approximation of specific heat capacities ¢, (¥7(t)) for each gas
fraction x € {Ha, N2, H2O, CG} by second-order polynomials

2
ey (Vz(t)) = Z'yx,,, ~9%7(t) , vy : experimentally identified
v=0

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems: Summary

Modeling assumptions/ Model properties

o Capability to represent time-varying hotspot locations

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems: Summary

Modeling assumptions/ Model properties
o Capability to represent time-varying hotspot locations
@ Representation of the specific heat capacities of anode and cathode
gas by second-order temperature-dependent polynomials
@ Representation of the reaction enthalpy by a second-order
temperature-dependent polynomial

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems: Summary

Modeling assumptions/ Model properties
o Capability to represent time-varying hotspot locations

@ Representation of the specific heat capacities of anode and cathode
gas by second-order temperature-dependent polynomials

@ Representation of the reaction enthalpy by a second-order
temperature-dependent polynomial

@ Availability of gas mass flows, preheater temperatures as well as inlet
and outlet manifold temperatures as measured data

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Control-Oriented Modeling of SOFC Systems: Summary

Modeling assumptions/ Model properties
o Capability to represent time-varying hotspot locations

@ Representation of the specific heat capacities of anode and cathode
gas by second-order temperature-dependent polynomials

@ Representation of the reaction enthalpy by a second-order
temperature-dependent polynomial

@ Availability of gas mass flows, preheater temperatures as well as inlet
and outlet manifold temperatures as measured data

@ Possible extension: Inclusion of the preheater dynamics by linear lag
elements to account for underlying control time constants

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells 13/35
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Different Variants of the Finite Volume Model (1)

(1) (I1) (111)
9(1,1,1) 9(1.,2,1) 9(1,3,1)
a— B AwAY: I I
9 .> == T — ! ! :: ....... »
(1,1,1) L e . L
_ T _ T _
‘TFC_S(LLI) xFC_[9(1,1,1)79(1,2,1)79(173,1)] xFC—[9(1,1,1)7~-- 79(3,3,1)]

e Configuration (I): Typical for synthesizing a controller that is only
applied during the system’s heating phase

e Configuration (II): Simplest option for preventing local
overtemperatures: Differentially flat or non-flat scenarios, depending
on the choice of the system output ¥z«

e Configuration (I1I): Generally non-flat configuration

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Different Variants of the Finite Volume Model (2)

cathode and anode gas preheaters, first-order lag dynamics |

9 Yeq SC(;,in I
CG.d | 91 |

= cathode gas
mCG d

Mea Mea,in

I
SAG,in |

Yt e
anode gas ¥
& Mag M AG,in |

M aca

; L
pipe, first-order lag dynamics T'gy s st o system boundary of the semi-discretized stack
9 AG,d» 9 ced - desired temp. of anode and cathode gas m AG > mCG - mass flow (anode, cathode) at preheater outlet
9 AG,in 1 SCG,in - temperatures in the inlet gas manifold |77 AG,d> mCG,d - desired mass flows of anode and cathode gas

9 AG 90(; - temperatures at the preheater outlet T AG» TCG - time constants of the preheaters

System input: Cathode gas enthalpy flow (single-input single-output
formulation) in configuration (I1), preheater dynamics neglected

veG,in(t) = hoa,in(t) - (Vea,n(t) — Fa1,1)(E))

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Different Variants of the Finite Volume Model (2)

cathode and anode gas preheaters, first-order lag dynamics |

S Seg & CGin_ |
CG.d | 91 |

mCG d

cathode gas - -
Mea Mea,in

I
Facin |

ot e '
anode gas ¥
g Mg M AG in |

M aca

/ L
pipe, first-order lag dynamics TSL,AG Ts.c0 system boundary of the semi-discretized stack
9 AG.d s 9 CG,d - desired temp. of anode and cathode gas m AG > mcc - mass flow (anode, cathode) at preheater outlet
9AG.,in 9 ©G,in - temperatures in the inlet gas manifold |77 5 4, mc(;?d - desired mass flows of anode and cathode gas

9 AG 9(;(; - temperatures at the preheater outlet T AG TCG - time constants of the preheaters

System input: Cathode gas enthalpy flow (single-input single-output
formulation) in configuration (I1), preheater dynamics included

vea,d(t) = megd(®) - (Yoa,d(®) —da1,n(®) » meaalt) = 1hog,i(t)

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Different Variants of the Finite Volume Model (2)

cathode and anode gas preheaters, first-order lag dynamics

Fcca Yeq Voo, | 9 |
— cathode gas B s | T
Meoga Maa mcc,inl
Y — )
Yt e P . !
. anodce gas + ~
Maga & m M AG in |

. ; .
pipe, first-order lag dynamics T's;, s, T's1 o system boundary of the semi-discretized stack
9 AG,d» 9 cGd - desired temp. of anode and cathode gas m AG > ’n"LCG - mass flow (anode, cathode) at preheater outlet
S‘AG.‘in )9 CG,in - temperatures in the inlet gas manifold m AGd > T ¢q.q - desired mass flows of anode and cathode gas

9 AG s 9@@ - temperatures at the preheater outlet T AG s TCG - time constants of the preheaters

Vector representation of the input (multi-input single-output
formulation)

e alt) = mea,a(t) _. [mcaal?)
’ Joa,d(t) —Fa0(t)]  ~ [Adcalt)

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Transformation into Nonlinear Controller Normal Form (1)

Input-affine state-space representation

x(t) = £ (x(t), p, vcG,a(t), vac a(t))

Computation of Lie derivatives of the system output
y(t) = h(x(t)) = V7., x(t) € RV

dr;/tgt) =y (&) = Lph(x(t)) = Le (L3 h(x(8))) , r=1,...,6—1

with the relative degree ¢ defined according to

7 §
8LL(X@”EO for r=0,...,6 —1 and M’L(X(t))
voa,d dvca,a

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Transformation into Nonlinear Controller Normal Form (2)

Introduction of the new state vector

¢=[h(x), Leh(x), ..., LI'hx)]" €R® with & =y = h(x)

v

New set of state equations (Brunovsky canonical form)

om0 g T - T
[€7:¢T ] =] Leh(x), ..., LIh(x) | LITA(x), ..., LY¥h(x) |
= [ &, ..., &, a(x,p,d) ao(x,p,d)T ]T
~ . . T
+[00, ..., b(x,p) vcca | bOx,p,d,vcaa,bcad, )T ]

with the additive bounded disturbance d € [d], d € R, and the interval
parameters p € [p], p € R

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Transformation into Nonlinear Controller Normal Form (3)
Goal: Accurate trajectory tracking and stabilization of the error

dynamics despite the interval uncertainties d € [d] and p € [p]

[€71¢7 ] =[&, ... & a(xpd) i axp,dT]"

+[0, ..., b(x,p) vcca @ bOx,p,d,vcad, bcc, )T

@ Use of the variable vc q as the control input

]T

]T

@ Derivation of an interval-based variable structure control law

Requirements

o Estimation of all state variables x, of the parameters p, the
disturbance d, and their corresponding interval bounds in real time

@ Note: If § = N, the output y coincides with the flat system output

@ Otherwise: The bounded states ¢ of the non-controllable internal
dynamics act as disturbances onto the system model
v

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells 18/35
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Transformation into Nonlinear Controller Normal Form (3)

Goal: Accurate trajectory tracking and stabilization of the error
dynamics despite the interval uncertainties d € [d] and p € [p]

[€71¢7 ] =[&, ... & a(xpd) i axp,dT]"

+10, ..., b(x,p) vcca | bOx,p,d,vocd Vcad, - )
@ Use of the variable vc q as the control input

]T

]T

@ Derivation of an interval-based variable structure control law

Possible estimation approaches
@ Linear gain-scheduled state observer (Luenberger-like structure)

@ Sensitivity-based estimation: Receding horizon approach (online
minimization of quadratic error measure)

@ Observer in controller canonical form (current work)

@ Robustification by LMlIs possible

SIS ————————m—mm—m=—_——m_m—§—m§m§m—§m§—§m“—m—€—€—€E——

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells 18/35
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First-Order vs. Second-Order Sliding Mode Control (1)
lllustrative benchmark system: y(t) = x(t)

il(t) $2(t)
ina®] " |z
En(t) u(t)

Definition of the tracking error

f0 () =27 (t) —2{}(t)  with  re{0,1,...,n}

First-order sliding mode (Hurwitz polynomial of order n — 1)

n—1
s:=s(t) = Zafrér)(t) — s—=0
r=0

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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First-Order vs. Second-Order Sliding Mode Control (1)
lllustrative benchmark system: y(t) = x(t)

.il(t) $2(t)
ina®] " |z
En(t) u(t)

Definition of the tracking error

f0 () =27 (t) —2{}(t)  with  re{0,1,...,n}

Second-order sliding mode (integral component for a_; # 0)

t n—1
Y18 + 708 = a1 / §i(r)dr + Zarfir)(t) —  5—=0, §=0
0 r=0

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (1)

Lyapunov function candidate (first-order)

V<I>=%SQ>0 for s#0

Lyapunov function candidate (second-order)

1
i — 5 (s* +As%) >0 with A>0

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (2)

Stability requirement (first-order)

n—1 n—1
VD — . 5= (Z arg§7")(t)> : (Z ,f;r“)(t)) <0 for s#£0
r=0 r=0
Stability requirement (second-order), A =~ > 0
VI =5 6+ X355
A r
=s's+sﬂ( 204 Zar E7(t) >

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (2)

Stability requirement (first-order)

n—1
v g5 — ( ar§1 ) (Zarf(rﬂ ) < —n-|s|

r=0

Stability requirement (second-order), A =~ > 0

r=0

n—1
D = .51 4. (—'yoé + > a1 &) + ano - (ult) - xﬁ’f&(t))) <0

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (2)

Stability requirement (first-order)

n—1 n—1 n—1
(z a, &) <t>) : (Z ar Y*”(t)) < - (Z aré’%t)) sign{s}
r=0 r=0

r=0

Stability requirement (second-order), A =~ > 0

VI <~ [3] o] 18] = —4 - sign{a} - (m + - |s])

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (3)

Control law (first-order)

n—2

u(t) = u®(t) = 2{") (1) = > 0, &7 (t) — 7 - sign{s}
r=0

Questions
@ Necessary extensions for the interval case
@ Implementation requirements for an interval control signal

e Why/ How to generalize the first-order case?

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Derivation of the Control Law (3)

Control law (second-order)

_|_

n—1
Y05 — 5 — Y op_1€y (1) —sign{s} - (7 + 72 - |s])

Qn—1 r=0

Questions
@ Necessary extensions for the interval case

@ Implementation requirements for an interval control signal

e Why/ How to generalize the first-order case?

A. Rauh et al.: Reliable Sliding Mode Approaches for Solid Oxide Fuel Cells
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Transformation into Nonlinear Controller Normal Form (1)

Input-affine state-space representation

x(t) = £ (x(t), p, vcG,a(t), vac a(t))

Computation of Lie derivatives of the system output
y(t) = h(x(t)) = V7., x(t) € RV

dr;/tgt) =y (&) = Lph(x(t)) = Le (L3 h(x(8))) , r=1,...,6—1

with the relative degree ¢ defined according to

7 §
8LL(X@”EO for r=0,...,6 —1 and M’L(X(t))
voa,d dvca,a
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Transformation into Nonlinear Controller Normal Form (2)

Introduction of the new state vector

¢=[h(x), Leh(x), ..., LI'hx)]" €R® with & =y = h(x)

v

New set of state equations (Brunovsky canonical form)

[€71¢7 )" = [ Leh(x), ..., Leh(x) | L3(x), ..., I¥Ax) ]
—[& ..., &, akxpd | a%xp,dT "

+[0, ..., b(x,p) vcca | bO(x,p,d veca, vocd, ---) T

]T
]T

with the additive bounded disturbance d € [d], d € R, and the interval
parameters p € [p], p € R
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Interval-Based Sliding Mode Control (1)

Definition of tracking error signals

@ Specification of a sufficiently smooth desired output trajectory
Ya = &1.d
@ Introduction of the error vector

£= [(§1 —&1,4) (él) —5513) ( =1 _ 5(6 D)] eR’

)

@ Desired operating points are located on the sliding surface
g 6 1
s:=s(£(t)> ) +ZO‘T §1 =

@ «,...,05_o are coefficients of a Hurwitz polynomial of order § — 1

v
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Interval-Based Sliding Mode Control (1)

Definition of tracking error signals

@ Specification of a sufficiently smooth desired output trajectory
Ya = &1,d
@ Introduction of the error vector

§= [(51—51,d) (5%1) —fﬁi) ( (6-1) 5(6 1))] e R’

)

@ Desired operating points are located on the sliding surface

s:=s(é(t)> 5 1) +Zafr §1 )=0

Guaranteed stabilizing control: Lyapunov function candidate

1 .
V2532>o with V=s5.-5<0 for s#0
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Interval-Based Sliding Mode Control (2)

Guaranteed stabilization despite uncertainty: Interval formulation of a
variable-structure control law

—a (x, [pl, [4]) + &) - 2 e — i-sign{s)

b (x, [p])

with a suitably chosen parameter 77 > 0 and 0 ¢ b (x, [p])

[vcad):=

Guaranteed stabilizing control: Extraction of suitable point values

Voc.a = {¥caa — € Ucaa + 6Tca,d — € Tog,a + €f

with vog g := inf{[vca.al}, Pea.a = sup{[vcg,a]} and some small € > 0
— V < 0 needs to be satisfied with certainty
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Interval-Based Sliding Mode Control (2)

Guaranteed stabilization despite uncertainty: Interval formulation of a
variable-structure control law

—a (x, [pl, [4)) + &) - 2 e — i-sign{s)

b (x, [p])

with a suitably chosen parameter 77 > 0 and 0 ¢ b (x, [p])

[vcaq):=

Guaranteed stabilizing control: Extraction of suitable point values
@ Guaranteed stabilization of system dynamics

@ Inclusion of preheater model for reduction of chattering (caused by
neglected dynamics)

@ Extension: Guaranteed state constraints in terms of strict barrier
functions

v
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Interval-Based Sliding Mode Control (3)

Handling of one-sided state constraint: Extended Lyapunov function

¥ e_max . 1
V:V+pVZln(m)>O with V:§S2, pV>O

! _
Constraint Y7 < Opax is expressed by the strict barrier 97 < Omax

Corresponding time derivative and control law

PV Y (Lﬁ)

ie{T} Omax —

v S PV 191
[Pca,d] == [veg,d] — - . _ Y
s24+€ (x,[p]) i»g;} Omax — Vi
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Interval-Based Sliding Mode Control (4)

Corresponding time derivative and control law

ZE{I} max Z

[ R A— Y
s?+ € b(Xa [p]) ie{T} Omax — Vi

[Ucg,d] =

Remarks
Extraction of point-valued control signals as before
s L ensures regularity of the control law

For s = 0: Control is |dent|cal to the previous case

Approximation

Barrier at Oyax — ¥; = 0 represents repelling potential

Approximation errors are negligible if € is sufficiently small
v
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Control Parameterization: Basic Approach (Excerpt)

Control signal feasible?

Yes No
Break, apply the Adaption of 7 (Alternative: adapt the
control for the time parameters a in definition of sliding surface)
step t3,, and proceed
with the subsequent Input saturation exceeded
discretization step
a) Do, dte) < b) Uag,d(te) >
inf{ [UCG,max] } sup{ I:'UCG,max] }
Increase 7 if Increase 7 if
dUca,d d¥ca,d
—— >0 — <0
a7 a7
Decrease 7 if Decrease 7 if
800a,d d¥ca,d
— <0 —F— >0
o7 o]
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Control Parameterization: Extension for Online Gain
Scheduling

@ Case 1: Offline parameterization with cutoff for control signal
@ Case 2: Online parameterization

© Define a desired eigenvalue A, of multiplicity § — 1 on the sliding
surface with corresponding parameters a.
@ Initialize 7 with the desired value
© Adapt 7 in a line-search approach (fixed number of NN,, = 5 steps) to
ensure compatibility of 9ca,q with the control constraints
Stop, if admissible control is found
If no admissible control is found within IV, steps, adapt the eigenvalue
Ar and restart with Step (2); Break after at most Ny = 5 repetitions

@ Treatment of input rate constraints: Extension of the system input by
a further lag element

@ Simulation case study: L=N =1, M =3

v
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Handling of Input Rate Limitations

Extension of the system input by a further lag element

T; - vcg,d + UcG,d = Uca,d

with the new system input 9cg,q and the fixed time constant 7, > 0

Guaranteed compatibility of the actual system input with the rate
constraints

{TL)CG,d| < Tr_l . (Sup{[UCG,max]} - inf{[vCG,max]})

under the prerequisite

inf{[UCG,max]} = inf{[ﬁcG,max]} = inf{[’[v)c(;’max]} 5
Sup{[UCG,max]} = Sup{[@CG,max]} = Sup{['DCG,max]}
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Simulation Results: Stack Temperatures

E,a(t > t¥) €alt > t*)
T 900.4 .............................. T 900.1 ....................
o ~
2 700 2 700
= 500 = 500
300 300
0 4 8 1216 0 4 8 1216
tin 103s — tin 10%3s —»
Offline parameterization Online parameterization
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Simulation Results: Tracking Error

30 30

o 20 o 20

£ 10 g 10
E 0 = 0

=-10 S-10
% -20 -2

§ -30 % ~30

< 0 4 8 1216 < 0 4 8 1216
< tin 103s — < tin 10%3s —»

Offline parameterization Online parameterization
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Simulation Results: CG Preheater Inputs

11 11
5 b5
T ! T T
L 4 N L4 e
E: 5 ° E: 5 7
T3 = 7 T3 5 7
‘; 2 8 = 2 S
= S 5 = S 5
81 = g1 =
€ 3 & 3
% 8 16 0 8 16 Q) 8 16 0 8 16
tin 103s tin 103s tin 10%s tin 103s

Offline parameterization Online parameterization
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Conclusions and Outlook on Future Work

Control-oriented modeling of a complex thermodynamic application
Verified parameter identification as the basis for control design

Stabilization of the error dynamics using interval arithmetic

Online optimization of the control signal in the multi-input case:
energy efficiency and lifetime

Applicable if switchings of the output segment occur

Handling of input and state constraints (guaranteed overshoot
prevention)
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Conclusions and Outlook on Future Work

Control-oriented modeling of a complex thermodynamic application
Verified parameter identification as the basis for control design

Stabilization of the error dynamics using interval arithmetic

Online optimization of the control signal in the multi-input case:
energy efficiency and lifetime

Applicable if switchings of the output segment occur

e Handling of input and state constraints (guaranteed overshoot
prevention)

@ Extension by a sensitivity-based predictive controller
e Extension by a (sensitivity-based) state and disturbance observer

@ Extension by a more detailed description of the preheater dynamics
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